Plasmids containing (C-G). inserts have been used to study the inhibition of cleavage by restriction endonucleases due to Z-DNA formation in negatively supercoiled plas-mi4s.
strongly inhibited when the insert forms Z-DNA. The BamHI recognition sequence (G-G-A-T-C-C) was placed in four different positions near the B-Z junction and the inhibition of BamHI cleavage was determined as a function of negative superhelical density. Formation of Z-DNA in the (C-G). insert inhibited cleavage by BamHI when its recognition sequence was located immediately adjacent to the insert or four base pairs away from it. However, no inhibition was found when the BamHI recognition site was eight base pairs away. These experiments help to define the limits of the structural perturbation associated with the B-Z junction.
At present, we have considerable information regarding structural features of right-handed B-DNA and left-handed Z-DNA. Detailed information about the molecular configuration of B-DNA and Z-DNA comes from single-crystal xray diffraction analysis (1, 2) . The left-handed Z conformation is a higher energy conformation that is favored in sequences containing alternating purine and pyrimidine residues. Z-DNA can be stabilized by ions, chemical modification of the bases, specific binding proteins, and especially negative supercoiling (for review, see ref. 3 ). Plasmids containing alternating purine-pyrimidine inserts of various lengths will form left-handed Z-DNA on negative supercoiling (4, 5) . Such stabilization of the left-handed conformation has also been detected in naturally occurring sequences (6) . In negatively supercoiled plasmids, a B-Z junction is found between these opposing helical forms of DNA. Studies of the relation between the free energy of supercoiling and the negative superhelical density at which Z-DNA forms have shown that the generation of a B-Z junction is associated with a telatively unfavorable free energy change (6) (7) (8) (9) . However, little is known about the structural characteristics and dimensions of B-Z junctions. B-Z junctions show some sensitivity to nucleases S1 and BAL-31 (10, 11) , suggesting that the junction may have some single-stranded DNA character.
Here we explore this problem through the use of restriction endonucleases, which are likely to be highly sensitive to altered DNA conformation. These enzymes cleave DNA readily when it is in a linear form, implying that the substrate for the cleavage is generally a right-handed B-DNA form. This hypothesis is reinforced by the results reported here as well as by others (12) (13) (14) . Formation of Z-DNA has been reported to inhibit cleavage by either BamHI or Hha I provided that their recognition sequences are involved in the transition to the left-handed form. In the study reported here, we first explored the dependence of cleavage by BssHII (recognition sequence, G-C-G-C-G-C) on Z-DNA formation in a plasmid containing a (C-G)7 insert. Our results indicated that this enzyme is also inhibited by Z-DNA formation. A series of plasmids was then used in which the BamHI recognition sequence, G-G-A-T-C-C, had been moved various distances from the C-G insert, which is known to form Z-DNA. We determined the distance (in base pairs) necessary to move the recognition sequence to prevent the inhibition of BamHI cleavage associated with the formation of Z-DNA in the insert. The results indicate that, when the recognition sequence is 4 base pairs (bp) from the C-G insert, BamHI cleavage is slightly inhibited by Z-DNA formation but that, when the recognition sequence is 8 bp from the insert, inhibition of BamHI cleavage is no longer detected.
MATERIALS AND METHODS Plasmids and DNA Preparation. Plasmid pLP014 was obtained from A. Nordheim (5) and plasmids pDHgl6 and pDPL6 were a gift of D. E. Pulleyblank (15) . Plasmid pLP014 contains a 14-bp segment of alternating cytosine and guanine residues cloned into the BamHI site of pBR322. The cloning was carried out in such a way that the BamHI site was regenerated at either end of the insert.
Plasmid pDPL6 is a 2.2-kilobase plasmid derived from pBR322 and containing a polylinker with the following unique restriction sites: HindIII-Xba I-Sma I-BamHI-Sal I. pDHgl6 was obtained by cloning a 22-bp segment of alternating guanine and cytosine residues into the Sma I site of pDPL6. Plasmids pAZ4 and pAZ8 were prepared from plasmid pDHgl6 by first eliminating the BamHI site by nuclease S1 digestion of the ovdrhanging ends produced by BamHI digestion and then cloning a BamHI linker (New England Biolabs) into the adjacent Sal I site after either nuclease S1 digestion (pAZ4) or filling in with Klenow fragment (pAZ8). Sequencing of the resultant plasmids was carried out according to Maxam and Gilbert (16) . Thus, plasmid pLP014 contains one BamHI site at each end of the (C-G)7 insert while plasmids pDHgl6, pAZ4, and pAZ8 contain a single BamHI site.
Radioactively labeled Rasnids were prepared as described (6) . Plasmids were supercoiled by relaxation with topoisomerase I (Bethesda Research Laboratories) in the presence of various concentrations of ethidium bromide as described (5) . Negative superhelical densities of the resultant plasmids were determined by agarose gel electrophoresis using the band-counting method (17) .
BssHII and BamHI Digestion Experiments. All digestions were carried out at 37°C in 100 mM NaCl/6 mM MgCl2/6 mM Tris HCl, pH 7.6/6 mM dithiothreitol at an enzyme/ DNA ratio of 4 units/pAg of DNA. Aliquots were removed at different times and the cleavage reaction was quenched by the addition of 10 mM EDTA followed by quick freezing. Aliquots taken at different times after digestion were electro-Abbreviation: bp, base pair(s).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 5715 phoresed on 1% agarose gels at 50 V for 14 hr. Gels were then stained with ethidium bromide. The percentages of nicked, linear, and supercoiled DNA were determined from the radioactivity contained in each band. Bands were excised and melted in the presence of 1 ml of 1 M HCL. Then, 10 ml of Aquasol was added and the radioactivity was determined in a scintillation counter.
Cleavage sites for BssHII were determined by end labeling the 5' ends generated after BssHII cleavage with [y_32p]_ ATP. Plasmids were then cleaved with Nae I to differentiate one end. The resulting distribution of 32P-labeled fragments was analyzed by electrophoresis on a 20% polyacrylamide/ urea sequencing gel and subsequent autoradiography. Antibody-Binding Experiments. Goat anti-Z-DNA antibodies were obtained as described (18) . Plasmid-antibody complexes were formed in 100 mM NaCl/6 mM MgCl2/6 mM Tris-HCl, pH 7.6, by combining the plasmid with various amounts of antibody as described (6, 7) . After incubation, the samples were filtered through a Millipore nitrocellulose filter (0.45 Am, HAWP 02500). Filters were dried under a heating lamp and radioactivity was determined in a scintillation counter. The percentage binding was determined from the radioactivity retained on the filters. The level of background binding was determined by adding a nonspecific rabbit IgG preparation at the highest concentration used with the specific antibody.
RESULTS
Formation of Z-DNA Inhibits Cleavage by BssHII. Initial experiments were carried out to measure the extent to which cleavage by BssHII is inhibited when Z-DNA is formed within its recognition sequence (G-C-G-C-G-C). Plasmid pLP014 is a pBR322 derivative into which 14 bp of alternating cytosine and guanine residues-(C-G)7-have been cloned at the single BamHI site (5) . The (C-G)7 insert contains four recognition sites for BssHII and no other sites for this enzyme are found in pBR322. Initially, we studied the rate at which BssHII cleaves pLP014 as a function of the negative superhelical density of the plasmids. Cleavage by BssHII linearizes the plasmids. The relative amount of linear form produced after incubation with BssHII for different time periods was determined on agarose gels. Typical electrophoresis results are shown for six different levels of negative supercoiling in Fig topoisomerase I in the absence of ethidium bromide. Samples B-F have levels of negative superhelical density that range from -0.030 (sample B) to -0.094 (sample F). Immediately to the left of the lettered lanes are lanes numbered 1-5 that represent samples taken at time periods ranging from 15 min (lanes 1) to 180 min (lanes 5).
As shown, the relaxed sample (A) is rapidly cleaved by BssHII. After 15 min of incubation, all the plasmid has been linearized. However, at a negative superhelical density of -0.030 (sample B), the specimen is less rapidly linearized, as shown by the persistence of sujercoiled molecules, especially at short digestion times. It should be noted that the topoisomers of higher linking number for sample B are more resistant to cleavage. This inhibition of cleavage by BssHII increases as the negative stiperhelical density of the plasmids increases. At a negative superhelical density of -0.045 (sample C), considerable resistance to cleavage is detected. This resistance to cleavage is further evidenced in samples D-F, Which show no appreciable increase in the amouht of linear DNA formed during incubation. The only evident cleavage corresponds to the nicked molecules, which are found in the untreated samples and are rapidly linearized. However, the amount of supercoiled material does not change significantly. Since the plasmids used for these experiments were radioactively labeled, it was possible to quantitate the amount of radioactivity in the linear band as well as in the supercoiled and nicked bands. The percentage cleavage by BssHII, expressed as amount of linear DNA divided by total DNA, is plotted in Fig. lb as a function of time. The relaxed sample (A) is rapidly cleaved and specimen B is cleaved to a somewhat lesser degree. However, sample C is only slightly cleaved, and there is no cleavage at all with higher negative superhelical densities.
The inhibition of BssHII cleavage is due to the formation of Z-DNA. To determine the percentage of Z-DNA in the samples, the negatively supercoiled plasmids were combined with antibodies against Z-DNA and then filtered through nitrocellulose filters that retain the DNA-protein complexes but not DNA alone. Thus, all circular DNA molecules that contain Z-DNA will bind to the anti-Z antibody and be retained on the filter. The percentage cleavage by BssHII after 30 min of incubation, as well as the amount of antibody binding, is plotted in Fig. 2 does not fall to zero because of the small amount of nicked plasmid present in the samples.) There is no retention by antibodies on the filters up to a superhelical density of -0.02. However, at increased negative superhelical densities, there is a rapid rise in antibody binding that begins to plateau near -0.05. The two curves in Fig. 2 show a striking correlation between inhibition of BssHII cleavage and the formation of Z-DNA with a crossover point near a superhelical density of about -0.033. The exact position of the crossover point depends to a certain extent on the time period selected for the cleavage. However, as judged from Fig. 1 , this number will not change significantly for longer time periods. These experiments show a clear correlation between the inhibition of restriction enzyme cleavage and the formation of Z-DNA.
The (C-G)7 insert contains four different recognition sites for BssHII. Experiments were carried out to see whether any of the four BssHII sites in the (C-G)7 insert showed preferential cleavage as their accessibility became limited through the formation of Z-DNA. The 5' ends generated after cleavage by BssHII were labeled with 32p, and the labeled DNA fragments were then digested with Nae I, which cleaves at a position 39 bases from the (C-G)7 insert. Polyacrylamide gel electrophoresis of the resulting fragments showed a distribution of lengths indicating the cleavage sites for the enzyme. This distribution was examined in the relaxed plasmid and also in plasmids having a superhelical density of -0.03 and -0.045 when the (C-G)7 is in the Z-conformatioh in 50% and 100% of the molecules, respectively. The results indicated that the distribution of cleavage sites was independent of the negative superhelical density of the plasmid (data not shown). The relaxed plasmid showed the same cleavage pattern as the negatively supercoiled Z-DNA-forming plasmids. These results suggest that the insert is either fully exposed to cleavage by BssHII or not exposed at all. There seems to be no bias for cleavage sites either at the center of the segment or at its ends in plasmids that have a superhelical density high enough to form Z-DNA. This is consistent with the idea that the B-Z conversion for this (C-G)7 insert is cooperative in nature (5, 8, 15) . Thus, the (C-G)7 insert is found either fully in the Z form or fully in the B form without any intermediate state. In such a situation, the enzyme cleavage would thus be independent of superhelical density and simply reflect the fact that the enzyme cleaves the plasmid that is entirely in the B form.
Cleavage of B-Z Junction Sequences. The recognition sequence for BamHI is G-G-A-T-C-C. In plasmid pLP014, the (C-G)7 insert was cloned into the BamHI site of pBR322 in such a way that the BamHI recognition sequence was regenerated at both ends of the insert (5) . Thus, the first guanine of the recognition sequence is the last guanine of the insert at one end while, at the other end, the final cytosine of the recognition sequence is the first cytosine of the insert. The recognition sequence may thUs be considered to have a position in relation to the (C-G)7 insert of -1-that is, 1 bp of it is included in the C-G insert. A series of plasmids was then constructed in which the BamHI recognition sequence was moved stepwise from the (C-G)7 insert. In pDHgl6, the BamHI site has a position of 0-that it, it is immediately adjacent to the C-G insert but none of its six bases are involved in the (C-G)12 insert. In pAZ4, the recognition sequence is 4 bp further away with a G-C-G-C sequence between it and the (C-G)12 insert. Z-DNA formation is facilitated in sequences with alternating purine and pyrimidine residues.. However, in pAZ4, the purine-pyrimidine alternation in the (C-G)12 insert is opposite of that in the 4 bp between the BamHI recognition site and the insert. This becomes relevant when we consider the possibility that the Z-DNA segment may be propagated beyond the insert into forming Z-DNA in that region. Because all four bases of the segment between the recognition sequence and the insert are out of phase with the insert relative to Z-DNA formation, the propagation of Z-DNA formation beyond the insert is less likely.
Plasmid pAZ8 has 8 bp between the insert and the BamHI recognition sequence. The 8 bp have the sequence G-C-G-T-C-G-A-C. As with plasmid pAZ4, the first 4 bp, G-C-G-T, are out of phase with the alternation of purines and pyrimidines in the (C-G)12 insert. Experiments similar to those described above were carried out with plasmids pLP014, pDHgl6, pAZ4, and pAZ8, except that the inhibition of cleavage by BamHI as a function of negative superhelical density was measured. The extent to which Z-DNA formation occurred in the insert was monitored in a manner similar to that shown in Fig. 2 by the ability of the anti-Z-DNA antibody to bind to the negatively supercoiled plasmid. The results of these experiments are shown in Fig. 3 , in which extent of antibody binding and percentage of the plasmids cleaved by BamHI are compared. The cleavage and antibody binding of plasmid pLP014, in which the BamHI recognition site is located at position -1 in relation to the (C-G)7 insert, are shown in Fig. 3a , as is the position of the recognition sequence in relation to the insert. It can be seen that, as the negative superhelical density increases, Z-DNA formation ensues as shown by the increase in antibody binding and there is a corresponding inhibition in cleavage at the BamHI site. It is interesting, however, that at a superhelical density of -0.045, when the bulk of the plasmids are retained by the antibody, there is relatively little inhibition of BamHI cleavage. It is only at higher superhelical densities that the inhibition of cleavage is detected.
The corresponding data for plasmid pDHgl6, in which the BamHI recognition sequence does not involve any base of the (C-G)12 insert, are shown in Fig. 3b . It should be noted that the (C-G)12 insert in pDHgl6 is longer than the (C-G)7 insert in pLPO14. This is reflected in the fact that the formation of Z-DNA occurs at a lower negative superhelical density, similar to that reported by Haniford and Pulleyblank (15) for this plasmid. Cleavage at the BamHI site is inhibited by the formation of Z-DNA in the C-G insert (Fig. 3b ) but to a lesser extent than in pLP014 (Fig. 3a) . The inhibition in the degree of cleavage by BamHI is even less for plasmid pAZ4 (Fig. 3c) , in which the recognition sequence is 4 bp from the insert. There is still some inhibition associated with the formation of Z-DNA but it is quantitatively less than that for pLP014 and pDHgl6 ( Fig. 3 a and b ). Finally, in plasmid pAZ8, in which the BamHI recognition site is 8 bp from the insert, inhibition of cleavage was not detected except at the highest negative superhelical density (-0.103; Fig. 3d ). Even that inhibition, however, may not be related to Z-DNA formation itself since plasmid pDPL6, which does not have any insert, shows a similar inhibition of BamHI cleavage at this level of negative supercoiling but not at a superhelical density of -0.093. Thus, the degree of inhibition of cleavage decreases as the distance between the BamHI recognition site and the insert increases. Cleavage of pLP014 by BamHI (Fig. 3a) is significantly less affected by the formation of Z-DNA than is cleavage by BssHII (Fig. 2) . At a negative superhelical density of -0.067, incubation with BamHI for 3 hr linearizes up to 75% of the plasmids (Fig. 4a) while BssHII cleaves only 15% of the molecules (Fig. lb) . Cleavage of pDHgl6 by BamHI is even less affected by the formation of Z-DNA (Fig. 4b ).
Even at a very high negative superhelical density (-0.085), most of the plasmids are linearized after 3 hr of incubation. Likewise, incubation for 60 min with BamHI linearizes practically 100% of the molecules in plasmid pAZ4 even at the highest negative superhelical density (data not shown). Thus, the further away from the insert, the easier BamHI can overcome the structural perturbation induced by the formation of Z-DNA.
DISCUSSION
The principal result reported here is that the formation of Z-DNA in an insert containing alternating cytosine and guanine nucleotides slows down cleavage by BamHI when its recognition site is either near the edge of the insert or 4 bp from it. However, when the recognition sequence is 8 bp removed, there is no apparent inhibition of BamHI cleavage associated with Z-DNA formation. These data provide information about the dimensions of the B-Z junction in a negatively supercoiled plasmid.
Plasmids pAZ4 and pAZ8 have DNA segments between the BamHI recognition sequence and the (C-G)12 insert in which a majority of the nucleotides is out of phase with the alternation of purines and pyrimidines found in the insert. Propagation of Z-DNA formation into these plasmids is highly unfavorable because this would require at least 4 bp in which the pyrimidine residues would have to adopt the less favorable syn conformation. However, propagation of Z-DNA beyond the confines of the insert may be more favorable for plasmid pLP014 because extending Z-DNA through the additional 5 bp of the BamHI recognition site would involve only 2 bp out of pyrimidine-purine alternation. Thus, it 
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Biochemistry: Azorin et aLP is possible that the strong inhibition of cleavage detected for pLP014 at intermediate negative superhelical density may be related to the propagation of Z-DNA into that region rather than to the presence of a B-Z junction. It is interesting to compare the susceptibility to cleavage of plasmids pLP014 (Fig. 4a ) and pDHgl6 (Fig. 4b) as a function of negative superhelical density. In pLP014, the first guanine of the recognition sequence is the last guanine of the (C-G)7 insert. Thus, formation of Z-DNA in the (C-G)7 insert will lock the first guanine of the BamHI recognition sequence into the Z conformation. Accordingly, raising the superhelical density effectively prevents BamHI cleavage, even after an extended time period. When the recognition sequence is moved 1 bp away in pDHgl6 (Fig. 4b ), the contrast is striking. Note that pLP014 has two BamHI sites compared to one in pDHgl6. Nonetheless, extended cleavage occurs even with high values of negative supercoiling. Even though the inserts are of different lengths-(C-G)7 in pLP014 and (C-G)12 in pDHgl6-the differences more likely reflect the position of the recognition sequence rather than the difference in insert length, which affects only the actual value of negative superhelical density at which Z-DNA is formed in the insert. As mentioned above, propagation of Z-DNA into the BamHI recognition sequence in pLP014 but not in pDHgl6 can also contribute to the higher resistance to BamHI cleavage shown by plasmid pLP014. Finally, in pAZ4, in which the recognition sequence is 4 bp from the insert, complete cleavage occurs even at higher superhelical density. All of these results reinforce the concept that the structural perturbations of the B-Z junction are fairly limited in dimension as detected by restriction endonuclease cleavage.
These results have to be viewed in light of the equilibrium nature of the B-Z conversion in negatively supercoiled plasmids. When Z-DNA is formed, the C-G insert is in dynamic equilibrium between the B and Z conformations. This is illustrated by the fact that, at a negative superhelical density of -0.03, when 50% of the plasmids are retained on the nitrocellulose filter by the anti-Z-DNA antibodies, BssHII can still cleave to completion given enough time (Fig. lb) . This suggests that the rate at which the conversion from B to Z occurs is much more rapid than that which has been described, for example in the salt-induced conversion of B-DNA to Z-DNA in poly(dG-dC) (19) . It should be pointed out that there appear to be no kinetic barriers for the conversion from Bto Z-DNA, as have been described for the conversion from B-DNA into cruciforms (20, 21) . The fact that none of the four possible BssHII restriction sites located in the (C-G)7 insert is cleaved preferentially at this negative superhelical density corroborates the cooperativity of the B-Z conversion in this sort of insert (5, 8, 13, 15) .
At a superhelical density of -0.045, the (C-G)7 insert in pLP014 is stable in the Z conformation, and BssHII cannot cleave the supercoiled plasmid at all (Fig. lb) . Furthermore, >90%o of the plasmids are retained on nitrocellulose filters by the anti-Z-DNA antibodies. On the other hand, cleavage at the BamHI site in pLP014 is affected to a lesser extent by Z-DNA formation (Fig. 3a ). This suggests that the binding energy of the enzyme may be sufficient to overcome the structural distortion associated with the formation of Z-DNA. Peck and Wang (8) have analyzed the energetics of the B-Z conversion. They have included in their analysis an unwinding parameter associated with the B-Z junction. It is possible that such unwinding actually occurs in the segments that are being cleaved by BamHI; however, the binding energy of BamHI may be great enough so that it can accommodate an unwinding or slight deformation of a B-DNA structure to stabilize a conformation that the enzyme recognizes as a substrate. As the distance between the recognition sequence and the Z-DNA insert increases, the altered DNA structure associated with Z-DNA formation appears to be less stable, and the enzyme can overcome it more easily. Accordingly, the degree of inhibition of BamHI cleavage decreases as the distance between its recognition sequence and the Z-forming insert increases. As a result, our conclusion that the B-Z junction may lie 4-8 bp from the C-G insert must be viewed as a low estimate of the junction's dimensions.
It has been reported that there is some sensitivity to nucleases S1 and BAL-31 at the B-Z junction (10, 11) . The experiments described in Fig. 4b show that one can get complete cleavage by BamHI at the junction. It is likely that this is carried out through the formation of a two-stranded structure similar to B-DNA. Formation of a stable single-stranded molecule would make such cleavage impossible.
It must be pointed out that cleavage by BamHI has many unknown parameters. For example, how large a segment of DNA interacts with the restriction endonuclease in addition to the six nucleotides of the recognition sequence? Could this additional segment have an alternative conformation and still be bound to the enzymes so that cleavage can occur? We do not know the answers to these questions and accordingly we are left with some degree of uncertainty. However, from the results presented here, it seems unlikely that such factors actually have an important effect on our conclusions.
